The zebrafish muscle segment homeobox genes msxB, msxC and msxE are expressed in partially overlapping domains in the neural crest and preplacodal ectoderm. We examined the roles of these msx genes in early development. Disrupting individual msx genes causes modest variable defects, whereas disrupting all three produces a reproducible severe phenotype, suggesting functional redundancy. Neural crest differentiation is blocked at an early stage. Preplacodal development begins normally, but placodes arising from the msx expression domain later show elevated apoptosis and are reduced in size. Cell proliferation is normal in these tissues. Unexpectedly, Msx-deficient embryos become ventralized by late gastrulation whereas misexpression of msxB dorsalizes the embryo. These effects appear to involve Distal-less (Dlx) protein activity, as loss of dlx3b and dlx4b suppresses ventralization in Msx-depleted embryos. At the same time, Msx-depletion restores normal preplacodal gene expression to dlx3b-dlx4b mutants. These data suggest that mutual antagonism between Msx and Dlx proteins achieves a balance of function required for normal preplacodal differentiation and placement of the neural-nonneural border.
Introduction
The vertebrate nervous system arises from progressive refinement of the ectoderm during gastrulation. Dorsoventral signals initially split the ectoderm into two broad domains, prospective epidermis ventrally and neural ectoderm dorsally. Near the end of gastrulation, signaling interactions at the neural-nonneural border generate two additional domains, preplacodal ectoderm and neural crest (Reviewed by Baker and Bronner-Fraser, 2001; Aybar and Mayor, 2002; Riley and Phillips, 2003; Streit, 2004) . Neural crest cells originate at the lateral edges of the neural plate and the dorsal neural tube and subsequently migrate to diverse locations throughout the body to generate a wide array of neural and nonneural cell types. The preplacodal ectoderm forms just beyond the edges of the neural plate in the head. Initially, a contiguous stripe of expression of dlx (and other) genes defines the preplacodal ectoderm, which is later subdivided into discrete patches of expression corresponding to morphologically visible placodes. Placodes then cooperate with neural crest cells to produce the paired sensory organs and cranial nerves of the head.
The mechanisms governing specification of neural crest and preplacodal ectoderm are being rapidly elucidated. Neural crest is specified along the edges of the prospective midbrain, hindbrain and spinal cord by intermediate levels of Bmp from ventral ectoderm, plus Fgf, Wnt and RA from subjacent mesoderm and posterior tissue (Reviewed by Aybar and Mayor, 2002; Huang and Saint-Jeannet, 2004) . In zebrafish and Xenopus, Delta-Notch signaling also acts within the dorsolateral neurectoderm to specify neural crest (Cornell and Eisen, 2000; Glavic et al., 2003) . A combination of transcription factors, including Snail, Slug, and Foxd3, are induced in response to the above signals and are required for the first stages of neural crest Developmental Biology 294 (2006) 376 -390 www.elsevier.com/locate/ydbio differentiation. Less is known about specification of the preplacodal domain but much can be inferred from regulation and function of dlx genes. In frog, chick and zebrafish, expression of dlx genes in the preplacodal domain requires Bmp, although Bmp is not sufficient (Nguyen et al., 1998; Feledy et al., 1999; Pera et al., 1999) . Additional unknown signals from dorsal tissue, possibly including the neural crest domain, are also required (Artinger et al., 1999; Pera et al., 1999) . Deletion or knockdown of zebrafish dlx3b and dlx4b ablates nasal, trigeminal, and otic placodes (Solomon and Fritz, 2002; Kaji and Artinger, 2004) , and severely reduces lateral line and epibranchial placodes (our unpublished observations). Likewise, misexpressing a dominant-negative form of Dlx3 in Xenopus inhibits preplacodal gene expression (Woda et al., 2003) . In contrast, misexpression of Dlx5 in chick inhibits neural crest and expands expression of a subset of preplacodal markers (McLarren et al., 2003) . Other preplacodal markers, such as six and eya genes, are also important regulators of preplacodal development, but the sequence of action and epistatic relationships between these markers remains to be elucidated (Reviewed by Baker and Bronner-Fraser, 2001; Streit, 2004) . In summary, while neural crest and preplacodal cells share some early features of development, such as reliance on Bmp signaling, they subsequently diverge due to activation of distinct sets of transcription factor genes. Although most neural crest and preplacodal markers do not show extensive overlap in their spatial expression, several members of the muscle segment homeobox (msx) gene family are transiently expressed in both domains as gastrulation nears completion (Ekker et al., 1997; Suzuki et al., 1997; Feledy et al., 1999; Streit, 2002; Streit and Stern, 1999 ; reviewed by Riley and Phillips, 2003) . Within the neural crest lineage, msx function appears crucial. Activation of an inducible msx1 construct at the end of gastrulation in Xenopus results in upregulation of neural crest markers, whereas expression of putative dominant-negative forms of Msx reduce their expression (Tribulo et al., 2003) . Likewise, morpholino-mediated knockdown of Xenopus msx1 inhibits expression of all early neural crest markers (Monsoro-Burq et al., 2005) . These studies suggest that msx function regulates specification or early differentiation of neural crest. However, Msx proteins have also been found to regulate proliferation or cell death in various developing tissues (Hu et al., 2001; Tribulo et al., 2004;  Reviewed by Bendall and Abate-Shen, 2000) . It is not clear whether these processes contribute to the effects of msx function on early neural crest development. The potential role of msx genes in regulating preplacodal development has never been tested, but the essential role of dlx genes in preplacodal development suggests that msx genes might also be involved. Msx and Dlx are closely related protein families that are often coexpressed during development, but they appear to have opposing activities. All studies to date suggest that Msx proteins act as transcriptional repressors, often associated with growth, whereas Dlx proteins are transcriptional activators associated with differentiation (Bendall and Abate-Shen, 2000) . Furthermore, Msx and Dlx proteins can functionally antagonize each other through heterodimer formation (Zhang et al., 1997) . Hence, the overlapping expression of msx and dlx genes in the preplacodal domain could reflect the need to balance growth and differentiation within this domain.
Here, we analyze the roles of msxB, msxC and msxE in zebrafish (Ekker et al., 1997) . All three genes are expressed in partially overlapping domains along the neural-nonneural boundary during gastrulation, and there are also unique domains for each gene. To test gene function, we injected antisense morpholinos to block splicing of msxB, msxC or msxE transcripts, and also examined the phenotype of a deletion mutation that removes msxB. Disrupting gene functions individually or in various combinations revealed both gene-specific and redundant functions. Our data confirm that msx genes regulate both neural crest and preplacodal development, but by different tissue-specific mechanisms. We also provide the first in vivo evidence that msx and dlx genes act in opposition to influence the position of the neuralnonneural boundary.
Materials and methods

Strains and developmental conditions
The wild-type strain was derived from the AB line (Eugene, OR). Embryos were developed in an incubator at 28.5°C in fish water containing 0.008% Instant Ocean salts. The w8 deletion removes dlx3b and dlx4b and was induced by γ irradiation (Fritz et al., 1996) . The Df(LG1)msxB x8 (or x8) mutation was induced by ENU (B. Riley, unpublished data) . PCR and linkage analysis shows that x8 is a deletion with one end just distal to msxB and the other end near lef1, a distance of 2-8 cM (pending resolution of the physical map).
Morpholino oligomer injections
Morpholino oligomers obtained from Gene Tools Inc. were diluted in Danieaux solution (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO 4 , 0.6 mM Ca (NO 3 ) 2 , 5.0 mM N-[2-Hydroxyethyl] piperazine-N′-[2-ethanesulfonic acid] (HEPES) pH 7.6 (Nasevicius and Ekker, 2000) ) to a concentration of 4-5 μg/μl. Filtered green food coloring was added to a concentration of 3% to visualize fluid during injections. Approximately 1 nl (5 ng MO) was injected into the yolk of one-to two-cell stage embryos. Embryos were injected and allowed to briefly recover in fish water. Morpholino sequences were as follows. msxB, 5′TATAC-TTACGAGGAGGAGATGTGAA3′; msxC, 5′ATTATTGCTGAGGTGCT-TACTTGGC3′; msxE 5′CCGAGCATCACTGTTACCACTGGG 3′.
MsxB misexpression msxB cDNA was cloned into pCS2+ expression vector. To misexpress msxB, 12-25 pg of plasmid DNA was injected into wild-type embryos at the 1-2 cell stage.
In situ hybridization
Embryos were fixed in MEMFA (0.1 M MOPS at pH 7.4, 2 mM EGTA, 1 mM MgSO 4 , 3.7% formaldehyde) for 2 h at room temperature or overnight at 4°C. In situ hybridizations (Phillips et al., 2001 ) were performed at 67°C using the probes indicated. Two-color in situ hybridization was performed essentially as described by Jowett (1996) , with minor modifications. NBT-BCIP and Fast Red (Roche) were used in successive alkaline phosphatase reactions. Alkaline phosphatase from the first reaction was inactivated by incubating embryos in 4% formaldehyde for 2 h at room temperature instead of using heat inactivation. RNase inhibitor (Promega 100 units/ml) was added during antibody incubation steps to help stabilize mRNA. Fast Red (Roche) was used in the first alkaline phosphatase reaction. For sectioning, embryos were embedded in Immunobed resin (Polysciences No. 17324 ) and cut into 4 μm sections.
Immuno-staining
Antibody staining was performed essentially as described by Riley et al. (1999) . Embryos were incubated with primary monoclonal antibodies zn12 
Alcian blue staining
Staining with Alcian blue was performed as described by Solomon et al. (2003) .
Assays for cell death
For acridine orange staining, dechorionated embryos were pre-incubated in agarose-coated plates with 10 ml fish water. At 9-10 hpf, 1 μl saturated aqueous acridine orange was added and embryos were incubated until the desired developmental stage was reached. Wholemount TUNEL assays were performed using a Deadend kit (Promega). Embryos were fixed in MEMFA (see in situ hybridization) and permeabilized by incubating in methanol for 1 h, rehydrating and incubating in 3.5 μg/ml proteinase K for 3 min. Embryos were then labeled according to kit instructions.
BrdU incorporation
BrdU pulse labeling was performed as described by Gray et al. (2001) . Dechorionated embryos were incubated in fish water containing 10 mM BrdU and 10% DMSO for 30 min at 33°C. Plates were coated with a thin layer of agarose prior to use to prevent sticking. Embryos were rinsed and incubated twice in fish water for 15 min at 33°C. Embryos were then fixed in MEMFA (see in situ hybridization), briefly rinsed, and incubated in 2N HCl for 1 h at 37°C. Embryos were washed and stained with anti-BrdU (Beckton-Dickinson, 1:250) and anti-Pax2 (Covance, 1:100).
Results
msxB, msxC and msxE are dynamically expressed early in zebrafish development
The expression patterns of msxB, msxC and msxE have been partially described (Ekker et al., 1997) . Here we characterize early stages of expression in more detail. msxB expression is first detected at 5 hpf in future ventrolateral epiblast just above the margin (not shown). Expression persists in ventrolateral epiblast through 8 hpf (Fig. 1A) . Soon thereafter, bilateral stripes of expression begin to spread upward along the edges of the neural plate and reach the level of the midbrain by 10 hpf (Figs. 1B, C) . Analysis of tissue sections shows that expression is initially found in both epiblast and hypoblast but by 10 hpf is limited to the ectoderm (not shown). Convergent-extension brings the two bilateral domains together at the dorsal midline by 12 hpf (Fig. 1D) and expression is subsequently maintained in the dorsal neural tube through at least 36 hpf (not shown). Ectodermal expression of msxC is similar to msxB. However, msxC expression forms two pairs of bilateral stripes along the neural plate border during late gastrulation. The medial stripes mark the lateral neural plate whereas the lateral stripes mark cephalic mesendoderm (Figs. 1E-H) . The mesendodermal domain of msxC is lost after 14 hpf, whereas expression in the dorsal neural tube persists through at least 36 hpf (not shown). Expression of msxE broadly overlaps with msxB and msxC in the ventrolateral ectoderm and neural plate (Figs. 1I-L). However, msxE is also transiently expressed in bilateral patches of ectoderm overlapping with the preotic and trigeminal domains (Figs. 1J, K, and data not shown). By 12 hpf, msxE expression is limited to dorsal neural tube (Fig. 1L) .
To clarify spatial relationships, two-color in situ hybridization was performed to visualize msx expression relative to the preplacodal marker dlx3b. dlx3b expression overlaps completely with the lateral edge of msxB expression at 10 hpf (not shown). The two domains still partially overlap at 11 hpf but are beginning to separate as shown by close inspection of the preotic domain (Figs. 2A, B) . At 12 hpf only the medial edge of the preplacodal domain still expresses msxB and, by 14 hpf, msxB is restricted to dorsal neural tube and dlx3b is limited to placodal tissue (not shown). In contrast to msxB, expression of msxC abuts but does not overlap with preplacodal dlx3b at any stage (Figs. 2E-G, and data not shown). Double staining for msxC and the hindbrain marker krox20 confirms that the medial stripe of msxC is limited to the lateral edges of the neural plate (Fig. 2H) . We infer that msxB, but not msxC, transiently marks preplacodal cells and gradually shifts to a slightly more medial domain. Both msxB and msxC mark the neural crest domain beginning at neural plate stages and are maintained there after formation of the neural tube. The level of msxE expression was too low to conclusively establish its relationship to preplacodal markers in two-color in situs. However, comparison of msxEkrox20 and pax8-krox20 two-color in situs confirms that expression of msxE briefly overlaps with the preotic domain of pax8 (Figs. 2C, D) . At later stages msxE is lost from placodal tissue but is maintained in the neural crest domain. These data suggest that all three msx genes are likely to regulate neural crest development while msxB and msxE could directly regulate some aspects of preplacodal development.
General effects of msx disruption
To analyze the function of msxB, msxC and msxE, we examined the effects of disrupting their functions by mutation and/or injection of antisense morpholinos. Morpholinos were designed to block pre-mRNA splicing (Draper et al., 2001 ). Failure to remove the single intron from msx transcripts is predicted to block production of the homeodomain (encoded by exon2 ), which is essential for Msx function (Zhang et al., 1996 (Zhang et al., , 1997 Newberry et al., 1997; Lee et al., 2004 ; reviewed by Bendall and Abate-Shen, 2000) . Moreover, blocking RNA splicing often leads to transcript-destabilization. RT-PCR analysis confirms that the morpholinos are both potent and specific in knocking down the targeted mRNAs (Figs. 3G, H ).
In addition, we studied the effects of a deletion mutation that removes msxB, Df(LG1)msxB x8 , hereafter referred to as x8. The phenotype of x8 mutants is indistinguishable from msxB morphants (Figs. 3B and C, Table 1 ). At 30 hpf, the head is slightly smaller than normal and shows broad regions of cell death, especially within the domain of msxB expression. In addition, the tail is short and appears mildly ventralized. In msxE morphants, too, the tail is slightly ventralized and the head Wildtype, (B) x8/x8 mutant, (C) msxB morphant, (D) msxC morphant, (E) msxE morphant, and (F) msxBCE morphant. Regions of the brain with a darkened granular appearance are indicative of elevated cell death (cd). (G) Schematic of general intron-exon structure of msx genes and mature mRNAs. Splice-blocking morpholinos were designed to bind to splice donor sites as shown (msx-MO). For each gene, PCR primers (arrows) were designed to amplify exon1 plus the 5′ end of exon2 (primers 1 and 2) or the entire coding region (primers 1 and 3). (H) Analysis of morpholino efficacy. Primers for the indicated genes (left) were used to amplify RT-PCR products from lysates of embryos injected with the indicated morpholinos (top). All morpholinos are highly specific and affect only the targeted transcript. The effects of msxE-MO were the strongest, with no detectable PCR products from either primer set. In the case of msxC-MO, amplification of the entire coding region (c1/c3 primers) yielded no signal corresponding to the mature mRNA, although a weak band was detected at a higher molecular weight corresponding to unspliced message (not shown). This residual msxC transcript presumably accounts for the appearance of a weak band corresponding to exon1 (c1/c2 primers). msxB-MO gave a more complex pattern: Primers b1 and b2 gave only a faint band of the expected size whereas amplification of the entire coding region (primers b1 and b3) gave three faint bands, one corresponding to mature mRNA and two with lower molecular weight (not shown). The latter presumably reflect activation of cryptic splice sites. odc expression was used as a constitutive control (Draper et al., 2001 ).
shows cell death (Fig. 3E ), though to a lesser degree than in msxB mutants and morphants. In contrast, msxC morphants show strong ventral tail curvature but there are no noticeable head defects (Fig. 3D ). Because these Msx family members are likely to be partially redundant, we examined the phenotype of embryos coinjected with all three morpholinos (msxBCE morphants). msxBCE morphants show a highly reproducible phenotype in which the cranial cell death and axial defects are more severe than in single gene morphants (Fig. 3F ). In addition, about a third of msxBCE morphants form a bifurcated fin fold at the tip of the tail (Table 1) , resembling the ventralized phenotype of chordino mutants (Schulte-Merker et al., 1997) . Knockdown of msxC and msxE in x8 mutants gives an identical phenotype (not shown). More detailed analyses of single and compound gene disruptions are described below.
Effects of msx disruption on preplacodal development
Although portions of the preplacodal domain transiently express msx genes ( Figs. 1 and 2 ; Ekker et al., 1997; Riley and Phillips, 2003) , the function of this expression domain has not been previously examined. Nasal and lens placodes arise from anterior preplacodal ectoderm where no msx genes are expressed. Expression of foxe4 marks early differentiation of both issues (Zilinksi et al., 2004) and is induced normally in msxBCE morphants (Figs. 4A, D) . Subsequent development of the lens and nasal pit also appears normal (Figs. 4B, E) . The trigeminal placode arises from the anterior limit of the msxBexpressing preplacodal domain. Early differentiation of the trigeminal ganglion appears normal in msxBCE morphants based on expression of deltaA and HuC (not shown). However, later development is perturbed. As shown by NCAM staining at 24 hpf, msxBCE morphants produce small trigeminal ganglia with reduced arborization patterns compared to uninjected controls (Figs. 4C, F) . The otic placode is another preplacodal derivative that transiently expresses msx genes during gastrulation. Otic induction appears normal in msxBCE morphants as shown by expression of the early preotic markers pax8 at 10 hpf (Figs. 4G, L) and pax2a at 12 hpf (Figs. 4H, M) . During normal development, the number of Pax2-expressing cells in the otic placode increases roughly 40% between 12 hpf and 14 hpf ( Fig.  4J , K; 96 ± 10.4 cells at 12 hpf, n = 36; 136 ± 11.4 cells at 14 hpf, n = 38). In msxBCE morphants, the number of otic cells is normal at 12 hpf (Fig. 4O , 93 ± 11.4 cells, n = 38), but the number of otic cells does not increase by 14 hpf (Fig. 4P , 91 ± 9.8 cells, n = 26). x8 mutants coinjected with msxC and msxE morpholinos show a similar phenotype (not shown). In addition to the reduced number of otic cells at 14 hpf, msxBCE morphants show a morphogenetic defect characterized by delayed convergence of the otic field. At 12 hpf normal otic tissue is diffuse and scattered over a large area (Fig. 4J) . By 13.5-14 hpf, the otic field converges into a tightly packed cluster concomitant with formation of a morphologically visible placode (Fig. 4K) . Otic convergence is delayed in msxBCE morphants such that the otic field is still diffuse and scattered at 14 hpf (Fig. 4P , compare to 4K). Convergence of otic tissue eventually occurs, however, such that the otic placode can be identified morphologically in the majority of msxBCE morphants by 15 hpf. At 24 hpf, msxBCE morphants produce a small otic vesicle (Fig. 3F) . Expression patterns of regional otic markers dlx3b, otx1, nkx5.1 and pax5 are normal indicating that early patterning of the otic vesicle is relatively normal (Figs. 4U, V and data not shown). Hair cells are produced within the utricular and saccular maculae but are delayed by roughly 3 h relative to the control (Table 1 and data not shown). Lateral and posterior cristae are usually disrupted and the semicircular canals do not form properly in msxBCE morphants (Figs. 4W, X, Table 1 ). Because cristae and semicircular canals normally express various msx genes during ear development, the latter defects may not be related to the early deficit in placodal development. In summary, the above data suggest that induction and early differentiation of placodal tissues occurs normally in Msx-deficient embryos, but posterior placodal derivatives that initially express msx genes during gastrulation fail to grow properly at later stages. The reduced size of these structures could result from reduced cell division or increased cell death, possibilities that are examined below.
Effects on proliferation and survival
To test for cell cycle defects, we examined the number and distribution of proliferating cells in msxBCE morphants and uninjected controls. S-phase cells were marked by incorporation of BrdU during a 30-min pulse, followed by wholemount staining with anti-BrdU antibody. The position of the otic placode was also marked by costaining for Pax2 protein.
At 14 hpf, when deficiencies in the otic placode first become evident in Msx-deficient embryos, there were no significant changes in BrdU incorporation (Figs. 5H, K) . In msxBCE morphants, an average of 37.7 ± 11.8 S-phase cells were observed per otic placode (n = 9), compared to 39.6 ± 5.5 cells in control embryos (n = 21). M-phase cells were visualized by staining with phospho-histone H3 antibody. Again, there were no significant differences caused by disruption of msx function (Figs. 5I, L) . At 14 hpf, an average of 13.9 ± 3 mitotic cells were observed per otic placode in msxBCE morphants (n = 14), compared to 15 ± 2.4 cells in controls (n = 8). Similarly, there were no consistent differences in the number of S-phase or M-phase cells in other placodal regions or in the neural tube. These data indicate that loss of Msx function does not detectably alter cell division patterns. Hence, reduced division is unlikely to contribute to the small ear phenotype or other placodedeficiencies in msxBCE morphants.
To test for increased levels of cell death, msxBCE morphants were vitally stained with acridine orange or fixed and stained for apoptotic cells in wholemount TUNEL assays. Acridine orange is a hydrophilic DNA intercalating agent that gains access to the nucleus only if the cell membrane is compromised, as in cells undergoing apoptosis. Healthy cells remain unstained by this dye. Incubating control embryos with acridine orange showed few dying cells at 14-15 hpf (Figs. 5A, B) . Conversely, 100% of msxBCE morphants showed extensive cell death in tissues that normally express msx genes, including the midbrain, hindbrain and the otic region (Figs. 5D, E) . Elevated staining was also seen in the forebrain, which does not detectably express msx genes. This apparent non-autonomous effect possibly reflects disruption of signals from adjacent msxexpressing tissues. Wholemount TUNEL assays showed similar patterns of apoptosis, with little staining in control embryos but high levels in the brain and placodal tissue in msxBCE morphants (Figs. 5G, J) . The amount of cell death in the brain increased during later stages in Msx-depleted embryos, becoming visible as dark patches in live embryos by 18-20 hpf (not shown) and continuing through at least 30 hpf (Fig.  3) . Staining with acridine orange at 12 hpf showed slightly elevated levels of cell death in about half of msxBCE morphants, but this is partly a stage-specific phenomenon since 10-20% of control embryos also show similar elevated staining (not shown). No differences in staining were detected at earlier stages. These data indicate that the rate of apoptosis increases dramatically between 12 hpf and 14 hpf in Msxdepleted embryos and is likely to be an important factor contributing to the small ear phenotype. Moreover, increased apoptosis probably contributes to various other defects described below.
Because elevated cell death is sometimes associated with nonspecific morpholino-toxicity, we asked whether adding back msx function could rescue msxBCE morphants. For this purpose we injected embryos at the one-cell stage with plasmid to ubiquitously express msxB cDNA, which is refractory to splice-blocking morpholino. Injection of plasmid into wild-type embryos resulted in normal or slightly elevated levels of cell death (Fig. 5C ). Strikingly, misexpression of msxB in msxBCE morphants totally suppressed the cell death phenotype in the majority (17/22) of embryos (Fig. 5F ). This shows that elevated cell death otherwise seen in morphants is not caused by non-specific toxicity but instead reflects the consequences of disrupting msx function. This conclusion is also supported by the observation that uninjected x8 mutants show a pattern of cell death that is similar to that in msxBCE morphants (not shown).
Regulation of neural crest development by msx genes
We next examined expression of early neural crest markers in Msx-depleted embryos. FoxD3 is a forkhead class transcription factor which has been proposed to act early during neural crest specification and can induce the expression of other neural crestspecific transcription factors (Dottori et al., 2001; Kos et al., 2001; Sasai et al., 2001) . At 11 hpf, foxD3 expression is expressed at high levels in newly specified neural crest precursors in wild type embryos (Odenthal and Nüsslein-Volhard, 1998 ; Fig. 6A ). msxBCE morphants express normal levels of foxD3 (Fig. 6F) , though the two stripes are closer together than in controls. Snail2 is downstream of FoxD3 in the genetic cascade of neural crest specification and is expressed in a similar domain in neural crest progenitors (Thisse et al., 1995; Fig. 6B) . In msxBCE morphants, expression of sna2 is barely detectable in the neural crest domain, though expression is normal in cranial mesoderm, (Fig. 6G) . Expression of sox10, another marker of early neural crest differentiation (Dutton et al., 2001) , is also diminished in msxBCE morphants (Fig. 7H) . These changes, which precede the increase in cell death by several h, suggest that neural crest specification occurs normally but that early differentiation is perturbed. Consistent with this, few migrating neural crest cells are seen at 14 hpf, as shown by hoxb3 expression (Figs. 6C, H) . Similarly, at 24 hpf, there are fewer Pax7-expressing neural crest cells in msxBCE morphants (37.7 ± 15.1, n = 26) compared to controls (66 ± 7.4, n = 14; Figs. 6D, I). In addition to defects in neural crest differentiation, cell death in the dorsal neural tube probably contributes to the deficiency in migrating neural crest at later stages. Migrating neural crest go to on adopt many different cell fates, including elements of the jaw. Alcian blue staining of jaw cartilage in msx morphants at 72 hpf indicates that disruption of any one msx function causes deficiencies in jaw development (Figs. 6K-O) . The ventral elements, including the gill cartilages and the mandibular cartilages, are most severely affected. Each element is either reduced in size or absent in these single MO injected embryos. Jaw defects are most severe in msxBCE morphants, which have defects in the dorsal palate in addition to complete loss of ventral elements (Fig. 6O) . Pigment cells are another derivative of neural crest tissue and are severely reduced in number at 2 days of development in msxBCE morphants (Table 1 and data not shown). These data indicate that neural crest specification occurs in the absence of Msx function, but that differentiation and survival are impaired and too few migrating neural crest cells are produced.
Rohon-Beard sensory neurons are another dorsal cell type located within the msx expression domain in close proximity to Fig. 7 . Positioning of the neural border is regulated by opposing activities of msx and dlx genes. (A, G) pax2a expression in the otic placode (op), midbrain-hindbrain border (mhb) and pronephros (p) at 11 hpf in a control embryo (A) and msxBCE morphant (F). (B, H) sox10 expression in neural crest (nc) at 11 hpf in a control embryo (B) and msxBCE morphant (H). (C, I) Expression of dlx3b and myoD at 12 hpf in a control embryo (C) and msxBCE morphant (I). (D, J) Expression of eya1 (blue) and krox20 (red) at 12 hpf in a control embryo (D) and msxBCE morphant (J). (E, F, K, L) Expression of six4.1 and myoD at 12 hpf in a wild-type embryo (E), msxBCE morphant (K), a b380/b380 mutant (F), and a b380/b380 mutant injected with msxBCE-MO (L). b380 mutants were unambiguously identified by the absence of clearly defined somite boundaries. (M, R) Animal pole views showing expression of the ventral marker ved (Shimizu et al., 2002) at 8 hpf in a control embryo (M) and msxBCE morphant (R). Arrowheads mark the dorsal limit of expression. (N, O, S, T) Lateral views of foxi1 expression in ventral ectoderm in control embryos at 8 hpf (N) and 9 hpf (O) and msxBCE morphants at 8 hpf (S) and at 9 hpf (T). (P, U) Expression of fgf8 in the hindbrain at 9 hpf in a control (P) and msxBCE morphant (U). (Q, V) Expression of dlx3b in preplacodal ectoderm at 9.5 hpf in a control (Q) and msxBCE morphant (V). To facilitate comparisons, black bars show the normal width (as measured in control embryos) of the indicated regions. Bars are aligned on the left side but extend past the structures on the right in msxBCE morphants, revealing the degree of neural plate reduction. Abbreviations: mhb, midbrain-hindbrain border; nc, neural crest; op, otic placode; p, pronephros; r3, rhombomere 3; r5, rhombomere 5; s3, somite 3. Unless otherwise indicated, images show dorsal views with anterior to the top. neural crest cells (Cornell and Eisen, 2000) . Analysis of Islet1/2 staining shows that development of Rohon-Beard neurons in msxBCE morphants is normal at 12 hpf and 14 hpf (not shown), but by 19 hpf msxBCE morphants have approximately 40% fewer Rohon-Beard neurons than uninjected controls (Figs. 6E,  J) . For example, in a fixed length of the trunk corresponding to roughly 4 hemisegments, uninjected control embryos had 16.5 ± 1.8 Rohon-Beard neurons (n = 22) compared to 10.3 ± 2 Rohon-Beard neurons in msxBCE morphants (n = 31). Since specification appears normal, this difference is most likely due to increased cell death in Msx-deficient embryos. Elevated cell death could also explain why commissural neurons, which normally form in the dorsal hindbrain by 22 hpf (Trevarrow et al., 1990) , are not produced in msxBCE morphants (data not shown). In contrast to these dorsal cell types, development and survival of primary motoneurons in the ventral neural tube appear normal in msxBCE morphants (Fig.  6J , Table 1 ). For example, the number of Islet-stained primary motoneurons in 4 trunk-hemisegments at 19 hpf was 8.1 ± 0.8 (n = 14) in control embryos compared to 8.2 ± 0.7 (n = 16) in msxBCE morphants. These data show that the elevated cell death seen in msxBCE morphants does not affect all cell types throughout the neural tube but preferentially affects dorsal cells.
Refinement of the neural-nonneural border
While examining preplacodal and neural crest development in msxBCE morphant, we noticed that gene expression domains along the neural-nonneural border were reproducibly too close together, indicating a narrow neural plate. This could be an indication of mild ventralization of the embryo, as was also suggested by tail defects in msx morphants (Fig. 3) . To examine this possibility further, we examined expression of DV markers at earlier stages. Expression of ventrolateral markers eve1, ved and foxi1 was normal at 80% epiboly in msxBCE morphants (Figs. 7M, N , R, S and data not shown). By 90% epiboly, however, the ventral domain of foxi1 had expanded dorsally in about half (16/36) of msxBCE morphants (Figs. 7O, T) . Similarly, the hindbrain expression domain of fgf8 was narrower than normal at 90% epiboly (n = 11/18; Figs. 7P, U). By 95% epiboly, preplacodal stripes of dlx3b were closer together than normal in the majority (26/37) of msxBCE morphants (Figs. 7Q,  V) . At 11 hpf, expression domains of pax2a in the brain, otic placode and pronephros, and sox10 in the neural crest were closer together in msxBCE morphants (Figs. 7A, B, G, H) . At 12 hpf, expression of krox20 and preplacodal markers dlx3b, eya1 and six4.1 revealed that the width of the neural plate was consistently reduced by about 20% in msxBCE morphants relative to uninjected control embryos (Figs. 7C-E, I-K). For example, measurements based on the above expression patterns in five independent experiments showed that the average width (±SE) of the neural plate at the level of rhombomere 5 was 86 ± 6 μm in msxBCE morphants compared to 108 ± 5 μm in control embryos. Costaining for myoD confirmed that all embryos had the same number of somites and were therefore of the same relative age. Moreover, the width of the trunk measured from the outer edges of the somites was similarly reduced (136.1 ± 3 μm in msxBCE morphants compared to 165.4 ± 3 μm in control embryos, Figs. 7C, I ). These data indicate that msxBCE morphants are mildly ventralized due to readjustment of DV boundaries during late gastrulation.
To further explore the role of msx in regulating DV patterning, we examined the effects of msxB misexpression on axial development. About half of embryos injected with 25 pg of plasmid DNA showed a range of dorsalized phenotypes that strongly resemble bmp mutants (Nguyen et al., 1998) (Figs. 8A-E, Table 2 ). Analysis of gene expression patterns revealed varying degrees of dorsalization during late gastrulation and early segmentation (Figs. 8F-J) . Misexpression of msxB also dorsalized msxBCE morphants to a comparable degree (Table  2) . Thus, forced expression of msxB produces the opposite phenotype of msx-knockdown and completely suppresses the ventralizing effects of msxBCE-MO.
Interactions between msx and dlx genes
The above effects on DV patterning were unexpected because earlier studies posited that Msx proteins normally help mediate Bmp signaling (Maede et al., 1997; Suzuki et al., 1997; Feledy et al., 1999; Ishimura et al., 2000; Yamamoto et al., 2000) , in which case loss of Msx should mimic Bmp loss of function. Instead, our data suggest that Msx-deficient embryos experience elevated Bmp signaling. However, we observed no consistent changes in expression of bmp2b, bmp4 or bmp7 in msxBCE morphants (not shown). To explain the ventralized phenotype of msx morphants, we considered another proposed function of Msx, functional antagonism of Dlx proteins (Zhang et al., 1997; reviewed by Bendall and Abate-Shen, 2000) . Msx and Dlx have opposing transcriptional activities and antagonize each other by forming functionally inert heterodimers. Hence, Dlx proteins are expected to be overactive in Msx-depleted embryos, which we hypothesized could account for their ventralized phenotype. It has been shown in chick and frog, for example, that increasing Dlx activity antagonizes neural fates cell-autonomously and narrows the neural plate nonautonomously (McLarren et al., 2003; Woda et al., 2003) . To test whether a similar mechanism operates in zebrafish, we made use of the dlx deficiency mutant, b380, which removes dlx3b and dlx4b (Fritz et al., 1996; Solomon and Fritz, 2002) . Although b380 mutants are blocked in development of multiple placodal tissues, general preplacodal markers eya1 and six4.1 are still expressed albeit at low levels (Fig. 8F , and Solomon and Fritz, 2002) . As indicated by six4.1 expression, the neural plate was slightly wider than normal in b380 mutants (123 ± 5 μm, Fig.  7F ). When msxBCE-MO was injected into b380 mutants, the width of the neural plate was close to normal (115 ± 6 μm, Fig.  7L ), indicating that b380 suppresses the ventralizing effects of msxBCE-MO. In addition, the expression level of six4.1 is restored to normal in b380 mutants injected with msxBCE-MO. Similarly, otic expression of pax2a is ablated in b380 mutants but is partially restored in b380 mutants injected with msxBCE-MO (Figs. 4I, N) . Recovery of placodal development is not complete, however, as morphological development of the otic vesicle and other placodal derivatives does not occur. We infer that Msx proteins inhibit preplacodal differentiation when Dlx3b and Dlx4b are absent, whereas disruption of both Msx and Dlx functions partially restores early aspects of preplacodal development. Taken together, these data suggest a model in which Msx-Dlx interactions serve to refine the neural-nonneural border and that normal preplacodal development depends on the balance of opposing Msx and Dlx activities.
In contrast, b380 does not suppress other aspects of the msxBCE morphant phenotype, including the deficiency of neural crest and elevated apoptosis in the neural tube (not shown). Thus the role of Msx in these tissues appears to be independent of dlx3b and dlx4b.
Discussion
We have examined the expression and function of three msx genes expressed early in zebrafish development. msxB, msxC and msxE are coexpressed in ventrolateral tissues during early gastrulation and are later expressed in the lateral neural plate and dorsal neural tube. msxB and msxE also overlap with portions of the preplacodal ectoderm during late gastrulation whereas msxC is expressed in discrete stripes within cranial mesoderm. Loss of function studies show that these msx genes are partially redundant. Together, they regulate positioning and development of cells near the neural-nonneural border and later regulate survival in the dorsal neural tube.
Msx proteins act to refine the neural-nonneural border
In most current models, Msx proteins are seen as mediators of Bmp signals that specify ventral fates during gastrulation. Such models, which are based on global misexpression of Msx, predict that loss of Msx function should dorsalize the embryo. To the contrary, we show that zebrafish embryos depleted for Msx are mildly ventralized: Early DV markers are not altered but by late gastrulation, between 8 and 9 hpf, the neural plate narrows and ventral markers expand proportionately. Msx proteins are thought to limit the activity of coexpressed Dlx proteins, hence overactivity of Dlx proteins in msx morphants could contribute to their ventralization. The b380 deficiency, which removes dlx3b and dlx4b, suppresses the ventralization phenotype caused by Msx-depletion. One role of Dlx may be to (Maede et al., 1997; Suzuki et al., 1997; Feledy et al., 1999; Ishimura et al., 2000; Yamamoto et al., 2000) ? This discrepancy may partly reflect species-differences. Unlike zebrafish and chick msx genes, Xenopus msx1 is expressed throughout the nonneural ectoderm during gastrulation and appears to play a role in specifying epidermal fate. Differences in technical approach are also relevant in the Xenopus system. In several earlier studies, msx1 mRNA was injected at the 1-2 cell stage to give global misexpression (Maede et al., 1997; Suzuki et al., 1997; Feledy et al., 1999) . This severely ventralizes the embryos and disrupts numerous signaling interactions required for later stages of development. In a more recent study (Monsoro-Burq et al., 2005) , msx1 mRNA was injected into single blastomeres at slightly later stages to give more limited expression in cells around the neuralnonneural border. This induces neural crest instead of epidermal markers. Likewise, activation of an inducible form of Msx1 at the end of gastrulation avoids ventralization and induces neural crest (Tribulo et al., 2003) . These latter studies did not analyze positioning of the neural plate border but nevertheless illustrate the context-dependence of Msx function.
Msx genes are required for normal placodal development
Embryos depleted for Msx initiate placodal development normally but placodes arising from the msx expression domain show increased cell death 3-4 h after msx expression normally ceases. Since no changes in cell division are seen, elevated cell death probably accounts for the small size of these placodal derivatives. There are several non-exclusive explanations for these data. First, Msx could function autonomously in preplacodal cells to regulate a subtle aspect of early differentiation, without which a subset of placodal cells later die. As discussed above, Msx proteins probably work in conjunction with Dlx proteins in the preplacodal domain. Dlx function is essential for normal preplacodal differentiation but might harm cells when overactive due to the absence of Msx-mediated repression. Indeed, forced overexpression of Dlx5 suppresses preplacodal gene expression in Xenopus (Woda et al., 2003) .
Conversely, unopposed Msx activity in the absence of Dlx function represses preplacodal genes whereas loss of both Msx and Dlx partially restores expression of preplacodal markers (Figs. 4N and 7L) . Thus, as with refinement of the neuralnonneural border, normal preplacodal development appears to require a balance of repression and activation. In addition, it is possible that ongoing cell death in the dorsal CNS disrupts signals required for continued development of placodal tissues. However, we note that a number of hindbrain factors including Fgf3, Wnt1 and Wnt8b, are expressed normally in msx morphants at 14 hpf (our unpublished observations), arguing against a general deficiency of hindbrain signals.
A role for Msx in the neural plate and neural tube Expression of msx genes in the lateral neural plate encompasses a wide range of cell types, but the role of msx varies from one cell type to the next. This is clearly illustrated by comparison of neural crest and Rohon-Beard sensory neurons. These cells develop in intimate contact, emerging from an equivalence group wherein Delta-Notch signaling regulates a binary cell fate switch (Cornell and Eisen, 2000) . Despite a shared developmental history, neural crest and Rohon-Beard cells show different requirements for msx function. Disrupting msx function perturbs early differentiation of neural crest but not Rohon-Beard cells. Although the early neural crest marker foxD3 is expressed normally in msxBCE morphants, downstream markers snail2 and sox10 are not expressed properly. Subsequently, msx morphants are severely deficient in migrating neural crest and defects are observed in all neural crest derivatives examined, including melanocytes and jaw elements. The rate of cell death increases dramatically in the neural tube after 14 hpf, which could contribute to loss of neural crest, but this is unlikely to explain the deficiency of snail2 and sox10 expression at 11 hpf since we see no evidence of increased cell death at that time. A role for Msx in neural crest specification has also been documented in Xenopus. Activation of an inducible form of Msx1 at the end of gastrulation enhances expression of neural crest markers (Tribulo et al., 2003) . Using morpholinos to knockdown Msx1 (Monsoro-Burq et al., 2005) or activation of mutant proteins thought to antagonize wild-type Msx1 (Tribulo et al., 2003) reduces expression of all neural crest markers including foxd3. It is noteworthy that disruption of Msx1 alone is sufficient to affect all neural crest markers in Xenopus whereas foxd3 is still expressed in msxBCE morphants. It is possible that additional unknown msx genes operate in zebrafish or, more likely, that foxd3 is differentially regulated in the two species. In both species, however, there is a comparable disruption in development of neural crest derivatives such as melanocytes, supporting a conserved role for Msx in neural crest development. In contrast to neural crest, early development of Rohon-Beard cells appears unaltered in msxBCE morphants judging by the normal number of Islet1/2-expressing cells at 14 hpf. Later in development nearly half of RohonBeard cells die. Thus, Msx is required for early differentiation of neural crest cells whereas is promotes survival of Rohon-Beard neurons.
At present, it is not clear whether the prominent cell death seen in msxBCE morphants reflects a conserved mechanism. Mouse Msx1-Msx2 double mutants do not show a comparable degree of cell death in the dorsal CNS, although cranial neural crest cells show increased cell death following migration from the neural tube (Bach et al., 2003; Ishii et al., 2005) . However, Msx3 is also expressed in the dorsal neural tube and likely provides some redundancy (Wang et al., 1996) . Xenopus Msx1 morphants develop with neural tube defects, but cell death has not been examined in these animals (Monsoro-Burq et al., 2005) . It will be necessary to compare such loss of function phenotypes in different species to establish whether a role in dorsal neural tube maintenance has been conserved.
